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The initial step of the oxidation of alkynes by permanganate has been studied by DFT (B3LYP/6-311+G-
(d,p)) calculations. The influence of electron-withdrawing as well as electron-donating substituents was explored.
The singlet and triplet potential energy hypersurfaces (PES) for a concerted [3+ 2] and a stepwise [2+ 2]
mechanism were investigated. The crossing point between the singlet and triplet PES has been identified.
The reaction proceeds via a [3+ 2] mechanism on the singlet PES with free energy activation barriers (∆G298)
between 18.4 and 28.9 kcal/mol, while the lowest lying identified state is a reactive triplet intermediate.
Available experimental and computed data are in good agreement. For the [2+ 2] case a reaction on the
triplet surface would be preferred over the singlet, but both pathways lay well above the [3+ 2] pathway.

Introduction

Permanganate is a frequently used versatile reagent for the
oxidation of unsaturated bonds, where the mechanism of the
oxidation of triple bonds is much less clarified than that of
double bonds. While the reaction with alkenes leads to cis-
dihydroxylated products in high yields, alkynes are either
cleaved with or without decarboxylation or oxidized to diketo
compounds, depending on substituents1,2 and reaction condi-
tions.3-5 It was also shown that hydrocarbons with triple bonds
are oxidized by permanganate under water-free conditions to
give diketo compounds.3,6 The first step is experimentally known
to be a two-electron process, resulting in the formation of a
short-lived intermediate containing manganese(V), which then
either decomposes to manganese(III) and a dioxo compound
or reacts with more permanganate via complex routes. Generally
it has been shown that more than one oxidation equivalent is
necessary to produce high yields.7

The reaction of metal-oxo compounds with unsaturated
bonds has been of great interest since Sharpless introduced the
idea of the [2+ 2] reaction pathway (Scheme 1) for metal-
oxo compounds such as OsO4 and MnO4

-, where the metal is
directly involved in the oxidation reaction.8 The discussion
created many experiments, and with the availability of density
functional theory (DFT) calculations also computational studies
have been undertaken. While the mechanistic questions con-
cerning the oxidation of alkenes by OsO4 and MnO4

- seem to
be solved by independent density functional theory calcula-
tions,9-14 there are no high-level DFT results available for the
alkyne oxidation.

For the alkenes a clear preference was found for the [3+ 2]
reaction pathway, while the mechanism of the alkyne oxidation
has not been investigated computationally yet. Several experi-
mental investigations could not identify the mechanism of the
first oxidation step.15-18 However, they could determine the rate

of the reactions, and it was found that permanganate generally
reacts slower with alkynes than with alkenes. Due to the
multitude of intermediates and products in different spin states,
not all possible pathways have been computed; we restricted
the study to the initial interaction of the metal-oxo compound
with the triple bond. We present density functional theory
calculations on the two suggested pathways for the initial step
of the oxidation reaction of alkynes by permanganate (Scheme
1) and compare them to experimentally measured activation
energies.

Lee et al. experimentally studied the oxidation of 1-phenyl-
1-butyne and the correspondingR-keto alkyne. They observed
a significant increase of the reaction rate for theR-keto alkyne
and proposed that the reaction follows a [2+ 2] reaction
pathway, requiring several rearrangements to explain the
products.15

This was in contrast to earlier publications of Simandi et
al.,16-18 who had published kinetic studies on several substituted
alkynes proposing that the oxidation follows a [3+ 2] pathway.
We compare ethyne (1), 2-butyne (2), its R-keto derivative
2-pentyn-4-one (3), and but-2-yne-1,4-diol (4), which was
experimentally found to show an activation enthalpy (∆H298)
of 5.26 kcal/mol.16-18
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SCHEME 1: [2 + 2] and [3 + 2] Reaction Pathways for
the Initial Step of Permanganate Oxidation of Alkynes
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Computational Details

The density functional/Hartree-Fock hybrid model Becke-
3LYP19-22 as implemented in Gaussian 9823 has been used
throughout this study together with the valence triple-ú basis
set 6-311+G(d,p).24-27 All geometries have been fully opti-
mized; no symmetry or internal coordinate constraints were
applied during optimizations. All reported intermediates were
verified as true minima by the absence of negative eigenvalues
in the vibrational frequency analysis. Transition-state structures
(indicated by TS) were located using the Berny algorithm28 until
the Hessian matrix had only one imaginary eigenvalue. The
identity of all transition states was confirmed by animating the
negative eigenvector coordinate with MOLDEN.29

Internal reaction coordinate calculations connecting transition
states with products and educts were performed, and the stability
of the wave function was checked.

Approximate free energies and enthalpies were obtained
through thermochemical analysis of the frequency calculation,
using the thermal correction to Gibbs free energy as reported
by Gaussian 98. This takes into account zero-point effects,
thermal enthalpy corrections, and entropy. All energies reported
in this paper, unless otherwise noted, are free energies at 298
K, using unscaled frequencies.

The MECP program of J. N. Harvey was used to locate spin
crossing points between the singlet and triplet surfaces.30

Results and Discussion

Oxidation processes of metal-oxo compounds always involve
different oxidation states and may therefore proceed on different
hypersurfaces. It is also known that radical intermediates
contribute to the observed bond breaking. The picture shown
in Scheme 2 for the oxidation of ethyne1 can be seen as a
general scheme for all compounds investigated here. The

transition states with the lowest activation enthalpy are in all
cases the [3+ 2] transition states on the singlet surface.

Substituents at the triple bond, depending on whether they
are donating or withdrawing electron density, change the height
of the free energy barriers for1-4 (18.4-28.9 kcal/mol, Table
1). The reaction of1 is exothermic (-66.8 kcal/mol) with an
activation enthalpy of+12.3 kcal/mol for the [3+ 2] transition
state as well as exergonic (-59.7 kcal/mol); the corresponding
free activation energy for the [3+ 2] transition state is calculated
as+18.7 kcal/mol. Almost at the product stage a change from
the singlet to the triplet hypersurface happens, leading to the [3
+ 2] intermediate on the triplet surface. The energy differences
between the [3+ 2] intermediates of differing spin are small
(∆H298, 1.8 kcal/mol;∆G298, 3.8 kcal/mol), and the molecular
geometries are very similar. The large negative activation
entropy indicates that the structure of the transition state is highly
ordered as is the case for a cyclic structure and reflects the
associative nature of the reaction. The calculated barriers also
explain why alkynes react slower with permanganate compared
to alkenes, where the activation energies are calculated to be
around 10 kcal/mol, depending on the substituents. On the triplet
surface no [3+ 2] transition states could be found. The crossing
point is located very close above the singlet and triplet
intermediates (marked as CP in Scheme 2).

In the [2+ 2] case the enthalpies of activation for the singlet
(+55.5 kcal/mol) and triplet (+31.1 kcal/mol) transition states
are considerably higher as are the free energies of activation
(60.2 and 34.1 kcal/mol, respectively; Table 1). These lead to
singlet (∆H298, +15.0 kcal/mol;∆G298, +21.3 kcal/mol) and
triplet (∆H298, -21.2 kcal/mol;∆G298, -18.0 kcal kcal/mol)
intermediates which are more unfavorable than the correspond-
ing intermediates for the [3+ 2] pathway, but obviously want
to stay on the triplet surface, which is in good agreement with
the calculated structure for the [2+ 2] transition state, where
the bond between the oxygen and one carbon is formed while

SCHEME 2: Singlet and Triplet Surfaces for the
Oxidation of Ethyne 1 via the [3 + 2] and [2 + 2]
Pathwaya

a Free energies (∆G298) are given in kcal/mol.

TABLE 1: Comparison of Calculated Free Energies
(B3LYP/6-311+G(d,p), ∆G298), Enthalpies (B3LYP/
6-311+G(d,p), ∆H298), and Experimental Values for
Transition States (TS) and Intermediates (I) in
Permanganate Alkyne Oxidation on Singlet (s) and Triplet
(t) Surfaces

1 2 3 4

expt faster than 2 5.26
∆HTS 3+2 12.3 (s) 15.6 (s) 5.5 (s) 5.6 (s)
∆GTS 3+2 18.7 (s) 28.9 (s) 18.9 (s) 18.4 (s)
∆HTS 2+2 55.5 (s) 58.1 (s) 50.4 (s) 44.8 (s)

31.1 (t) 29.7 (t) 25.4 (t) 19.3 (t)
∆GTS 2+2 60.2 (s) 69.7 (s) 62.3 (s) 42.8 (s)

34.1 (t) 40.8 (t) 35.3 (t) 30.3 (t)
∆HI 3+2 -66.8 (s) -63.5 (s) -79.9 (s) -79.1 (s)

-68.6 (t) -64.3 (t) -75.1 (t) -80.0 (t)
∆GI 3+2 -59.7 (s) -49.1 (s) -65.2 (s) -64.5 (s)

-63.5 (t) -50.8 (t) -63.2 (t) -67.1 (t)
∆HI 2+2 15.0 (s) 17.7 (s) 8.1 (s) 3.0 (s)

-21.2 (t) nc (t) nc (t) nc (t)
∆GI 2+2 21.3 (s) 31.0 (s) 21.6 (s) 3.7 (s)

-18.0 (t) nc (t) nc (t) nc (t)

a All energies are given in kcal/mol. nc, not computed.
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the manganese-carbon distance is 3.36 Å, creating spin density
on the other carbon and the manganese atom.

More donating substituents, such as methyl groups in the case
of 2, increase the free energy activation barriers for transition
states on the singlet surface significantly by about 10 kcal/mol.
Compounds3 (the R-keto derivative of2) and 4 show that
electron-withdrawing groups have almost no effect on the free
energy barrier. However, in looking at the free enthalpy values
a significant difference shows up. In agreement with experi-
mental results reported by Lee, who found a significant increase
of the reaction rate for anR-keto compound, the free enthalpy
is significantly lowered by 10.1 kcal/mol comparing3 and2.

The calculated free activation enthalpies of3 (+5.5 kcal/
mol) and4 (+5.6 kcal/mol) are significantly lower in energy
and in very good agreement with the experimentally observed
value of 5.3 kcal/mol for4, although the study does not account
for solvent effects which might change the barriers.

The [2 + 2] transition states for all substituted compounds,
regardless of the spin, are well above the [3+ 2] pathway with
the triplet [2 + 2] transition states always lower in energy
(∆H298, 25.4-31.1 kcal/mol; ∆G298, 34.1-40.8 kcal/mol)
compared to those on the singlet surface (∆H298, 44.8-58.1
kcal/mol; ∆G298, 42.8-69.7 kcal/mol).

Due to the asymmetry of compound3, two different [2+ 2]
transition states are possible. Despite an extensive search only
the [2 + 2] transition state for R1dCO-CH3 and R2dCH3

(Scheme 1) could be found. The influence of the carbonyl group
can be seen in the asymmetric [3+ 2] transition state geometry
of 3 compared to the symmetrical [3+ 2] transition state for1
with C-O bond lengths of 2.07 Å each and a C-C bond length
of 1.23 Å (shown in Figure 1, left side). The same asymmetry
can also be found for compounds such as propargyl chloride
and bromide, whose [3+ 2] transition states are very similar
compared to3. The effect of the electron donation also shows
up in the difference of 0.03 Å for the forming C-O bonds of
the transition states for1 and2 (Figure 1). The asymmetrical
transition state of compound4 with C-O bond lengths of 2.07
and 2.13 Å results from the interaction of the two CH2-OH
groups. We also calculated the transition state where both
hydroxyl groups are not interacting with each other, which is 2
kcal/mol higher in energy. For3 the weak interaction between
the R-carbon and the oxygen with a distance of 2.35 Å results
in a shorter Mn-O bond with 1.62 Å. This resembles an almost
educt-like (1.59 Å) double bond, while at theâ-carbon this
results in a short C-O bond (1.93 Å) and a longer Mn-O bond
(1.65 Å) compared to all other transition state structures
computed.

The corresponding [3+ 2] triplet intermediates for1 and2
(Figure 1, right side) are symmetrical and show typical bond
lengths for a C-C double bond with 1.36 and 1.37 Å. All other
bond lengths are very similar, and the influence of the methyl
substituent on the geometry of the intermediate is small. The
[3 + 2] intermediate of compound4 (singlet surface) is also
symmetrical and very similar to1 in all the monitored bond
lengths which are in some cases only 0.01 Å longer.

A quite large asymmetry is true for the corresponding minima
of 3. The asymmetric C-O bond lengths of3 with 1.33 and
1.38 Å are significantly different from the [3+ 2] triplet
intermediate of1 with symmetrical C-O bond lengths of 1.36
Å (Scheme 2, center bottom). The asymmetry of the bond
lengths carries through to Mn-O bond lengths which also differ
by 0.04 Å.

In this case the formed double bond is extended to a length
of 1.37 Å, an unusually long double bond due to the delocal-

ization effect of theR-oxo group. This is confirmed by the
adjacent bond which is considerably shorter compared to a
normal single bond with a length of 1.45 Å. Except for3 the
former C-C triple bond length and the Mn-O bond lengths
are in all cases equal or have a maximal deviation of(0.02 Å.

The earliest transition state on the reaction coordinate is
calculated for2 with bond lengths of 2.10 Å for the C-O bond
length in the [3+ 2] transition state, in agreement with the
highest activation enthalpy calculated.

The geometries of the [2+ 2] transition states on the triplet
surface are in general very similar (Table 2), but can no longer
be called concerted. The interaction between the carbon and
the oxygen atom occurs while the manganese does not closely
interact with the alkyne substrate. The C-C bond length is in
all cases 1.23 or 1.24 Å, which is also true for the [3+ 2]
transition states. The C-O bond lengths are calculated to be
1.97( 0.02 Å. The most notable difference among those four

Figure 1. Geometries and selected bond lengths of the [3+ 2]
transition states and intermediates with the lowest energies for all
compounds. All bond lengths listed in angstroms.
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compounds occurs in the Mn-C bond length, which is shorter
for the compounds with electron-withdrawing groups3 (3.26
Å) and4 (3.28 Å).2, with the electron-donating methyl groups,
shows the largest distance with 3.40 Å.

Conclusion

We can conclude that the initial steps of the alkyne oxidation
by permanganate proceed via a [3+ 2] transition state on the
singlet surface. This leads to intermediates which change the
hypersurface close to the product state. The experimentally
observed increase in the reaction rate for the oxidation ofR-keto
alkynes is kinetically favored over alkynes with donating
substituents.
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